Recently it was discovered that van der Waals-bonded magnetic materials retain long range magnetic ordering down to a single layer, opening many avenues in fundamental physics and potential applications of these fascinating materials. One such material is FePS3, a large spin (S=2) Mott insulator where the Fe atoms form a honeycomb lattice. In the bulk, FePS3 has been shown to be a quasi-two-dimensional-Ising antiferromagnet, with additional features in the Raman spectra emerging below the Néel temperature (TN) of approximately 120 K. Using magneto-Raman spectroscopy as an optical probe of magnetic structure, we show that one of these Raman-active modes in the magnetically ordered state is actually a magnon with a frequency of ≈3.7 THz (122 cm -1 ). Contrary to previous work, which interpreted this feature as a phonon, our Raman data shows the expected frequency shifting and splitting of the magnon as a function of temperature and magnetic field, respectively, where we determine the g-factor to be ≈2. In addition, the symmetry behavior of the magnon is studied by polarization-dependent Raman spectroscopy and explained using the magnetic point group of FePS3.
in its infancy, even though 2D magnetic materials provide a solid-state platform to experimentally access fundamental, low-dimensional physics. 10, 11 Additionally, any 2D magnetic material would likely still possess the captivating properties of 2D materials, including extremely large mechanical flexibility, 12, 13 efficient tuning of transport properties with an electric field, [14] [15] [16] [17] relative ease of chemical modification, 18, 19 as well as the ability to create van der Waals stacked heterostructures. 20 These myriad of tuning parameters could unlock opportunities for customengineered magnetoelectric and magneto-optical devices, where 2D magnets coupled with other technologically relevant materials could realize unprecedented capabilities in fields such as spintronics. 11, 21, 22 Until recently, long range magnetic order was believed to be impossible in 2D systems due to thermal fluctuations. 23 In early 2017, however, intrinsic ferromagnetism was observed down to the few-layer and monolayer limit in two different, layered materials with magnetic anisotropy, including Cr2Ge2Te6 and CrI3. 24, 25 For CrI3, it was also shown that the interlayer magnetic ordering (i.e. ferromagnetically or antiferromagnetically coupled) was dependent on the number of layers, 25 and could be controlled by an external electric field. 14, 26 Transition metal phosphorus trisulfides XPS3 (X = Fe, Mn, Ni, etc.) are another class of van der Waals antiferromagnets that are being studied in the 2D limit. Interestingly, although FePS3 (TN ≈ 120 K), 27 MnPS3 (TN ≈ 78 K), 27 and NiPS3 (TN ≈ 155 K) 27 are isostructural, they have different spin structures below the Néel temperature. The choice of transition metal results in varied magnetic phenomena, since the spins align antiferromagnetically in different fashions, including Néel, zigzag, or stripe ordering. 28, 29 FePS3, which is a Mott insulator, 30, 31 is especially intriguing as a 2D Ising antiferromagnet on a honeycomb lattice. 27, 32 In addition, long-distance magnon transport (several micrometers) has been experimentally observed in MnPS3, demonstrating that these materials are viable candidates for future magnonic devices. 22 Raman spectroscopy, being non-destructive and highly sensitive to minute perturbations, is a powerful technique to study various properties of quantum materials, including the effects of layer number, 33, 34 strain, 35 defects/doping, 36 electron-phonon coupling, 37, 38 phase transitions, 39 spin-phonon coupling, 40 and magnetic excitations. 41, 42 In addition, unlike other measurements that require bulk, large-area crystals, such as neutron diffraction, X-ray diffraction, or magnetic susceptibility, Raman spectroscopy can probe atomically thin flakes with diffraction-limited spatial resolution. The Raman spectra of bulk XPS3 materials has been studied since the 1980's, 28, 43, 44 and only recently extended to samples in the monolayer limit for NiPS3 45 and
FePS3. 46, 47 In particular, FePS3 is an interesting candidate to study using Raman spectroscopy because, due to the antiferromagnetic alignment of the spins and the resulting increase in the unit cell, Brillouin zone folding leads to new modes appearing below TN. 46, 47 In this work, we show that one of the modes that appears below TN, which has been recently attributed to a phonon, 46 is actually a quantized spin wave, i.e. a magnon. This antiferromagnetic magnon, with a frequency of 3.7 THz (≈122 cm -1 ), softens with temperature more rapidly than typical phonon modes and splits upon application of a magnetic field, as expected for antiferromagnetic magnons. The frequency of the non-degenerate magnons depends linearly on magnetic field, with an effective g-factor g ≈ 2. However, its symmetry behavior with respect to the polarization vectors of the incoming and scattered light contradicts the long accepted work of Fleury and Loudon which states that Raman scattering of first-order magnon excitations involves antisymmetric Raman tensors and can thus only be observed in crosspolarized light configurations. 41 Instead, we observe the magnon in FePS3 in both parallel and cross configurations, thus showing that the established magnon symmetry rule lacks the generality that has been suggested by previous literature. We explain the symmetry of the observed magnon using the magnetic point group with the inclusion of complex tensor elements.
Because of the small interlayer exchange coupling, and thus quasi-2D magnetic nature of bulk FePS3, the magnon observed herein is also expected to be quasi-2D. To the best of our knowledge, this work represents the first verification of a magnon in a quasi-2D magnet using 
II. RESULTS AND DISCUSSIONS
A. Initial Characterization: Sample Details and Magnetization Large crystals of FePS3 were mechanically exfoliated using adhesive tape 49 onto 300 nm SiO2 thermally grown on Si(100).
Thicker flakes were selected for Raman spectroscopy measurements due to the more intense scattering signal. Bulk FePS3 crystallizes in the monoclinic structure with the space group C2/m. 50 In the a-b plane, as is shown in Figure 1a , the Fe atoms form a honeycomb lattice. Using a SQUID magnetometer, the magnetization of the FePS3 crystals (i.e. before exfoliation) was measured both parallel and perpendicular to the a-b plane with an applied magnetic field of 0.1 T. The magnetization versus temperature from 5 K to 300 K is shown in Figure 1d . Similar to earlier reports, 27, 46, 47 the strong anisotropy in FePS3 results in higher magnetization perpendicular to the a-b plane, which is along the spin direction in the antiferromagnetic state. In a 2D antiferromagnet, TN is defined to be the temperature where there is a maximum in the slope of the magnetization vs. temperature curve. 27 Thus, by taking the first derivative of the magnetization with respect to temperature (Figure 1e ), TN is found to be ≈118
K. The broad maximum above TN in the magnetization vs. temperature for both parallel and perpendicular orientations is typical for low-dimensional magnetic systems and has been attributed to short-range spin-spin correlation. Thus, although the emergence of these modes can provide insight on the transition to a magnetically ordered state in FePS3, there is still substantial debate as to the source of each mode. In this work, we shed light on the origin of ψ 4, where we unequivocally show that it is a magnon. Figure 2a shows the temperature dependence of the Raman spectra from 110 K down to 40 K in steps of 10 K. ψ 4 is not observed until temperatures below 100 K, well below TN of ≈118 K. As the temperature is further decreased, ψ 4 displays a dramatic blueshift (higher in frequency) with temperature, especially compared with the other modes, including ψ 1, ψ 2, ψ 3 and the Γ-point phonons. This effect is illustrated in Figure   2b , which shows the frequencies of the different modes relative to their frequency at 15 K ( − 15K ), including standard errors from fitting each peak with a Voigt function. While the frequency changes of the other modes only range from 0.01% to 0.57% (1 cm -1 to 2 cm -1 shifts), as is typical for anharmonic lattice effects, the frequency of ψ 4 changes by as much as 6.2% (8 cm -1 shift) as the temperature is increased to 100 K. The strong shift in frequency with respect to temperature offers the first indication that this mode is attributed to a magnon, as suggested by T.
C. Temperature Dependence of Raman Modes:
Sekine et al. in 1990 for FePS3. 56 Similar magnon temperature dependence has been reported for other antiferromagnets, such as FeF2, 57, 58 NiF2, 59 and MnF2. 60 The assignment of this mode to a magnon is further supported by recent inelastic neutron scattering measurements that observed a Γ point magnon at ≈15.1 meV (122 cm -1 ), 53, 61 which coincides in frequency to our observed mode ψ 4.
D. Magnons and Magneto-Raman Spectroscopy of FePS3
Due to the contrasting behavior of phonons and magnons in an applied magnetic field, we utilize our unique magneto-Raman capabilities to investigate the magnetic field dependence of the modes in FePS3 to identify if they have magnetic character. We detail our findings from the magnetic-field dependent Raman spectra of FePS3. Then, by discussing how magnons behave under applied magnetic fields, we assign ψ 4 as a Raman-active magnon.
An exfoliated flake of bulk FePS3 was cooled to T = 5 K, after which a magnetic field was applied normal to the a-b plane, i.e. parallel/antiparallel to the directions of the spins in the antiferromagnetically ordered state. As seen in Figure 3a , when the magnetic field is increased from 0 T to 9 T, ψ 4 splits into two modes, labeled as ψ 4 (1) and ψ 4 (2) , and the splitting increases with the applied magnetic field. Figure 3b shows the frequencies of Figure 3b , we estimate that for bulk FePS3, the effective magnon g-factor is g ≈ 1.99 ± 0.05.
Thus, through magneto-Raman spectroscopy, we can unequivocally assign the mode ψ 4 at ≈122 cm -1 as a magnon. From the full-width at half maximum (FWHM) value of approximately 3 cm -1 , which includes instrument broadening, we estimate the lower bound of the magnon lifetime to be on the order of 10 picoseconds.
E. Magnon Symmetry Behavior and Magnetic Point Group Raman scattering from magnons
in both ferromagnets and antiferromagnets has been theoretically discussed by numerous authors, with one of the most cited works by P.A. Fleury and R. Loudon from 1968. 41 In their work, the resulting polarization selection rules of Raman scattering from first order magnon excitations is purely antisymmetric with respect to the polarization of the incoming ( ) and scattered ( ) light.
Thus, from their theory, a magnon mode can be observed only in the perpendicular (or crossed) polarization configurations ( = ± 90°), regardless of the orientation with respect to the crystallographic axes. This theory has worked well to describe a variety of ferromagnetic and antiferromagnetic materials with Raman-observed magnons, including FeF2, 41 MnF2, 41 YFeO3, 64 and Cd1-xMnxTe. 65 To probe the symmetry behavior of the magnon in FePS3, and were selected as shown in the inset of Figure 4a , where incoming light is at an arbitrary angle φ with respect to the crystallographic b-axis and the scattered light is at a controlled angle θ with respect to . Figure 4a shows that the magnon in FePS3, can be observed in parallel polarization (θ=0°) in addition to perpendicular polarization (θ=90°). When θ is varied between 0° and 360°, a two-fold symmetric pattern emerges where the magnon never disappears, but instead has a minimum at θ=60° and maximum at θ=150°, although these angle values are dependent on φ.
The theory presented in Fleury and Loudon applies rigorously to magnetic ions with orbital angular momentum ground states of L=0, or those with crystal-field quenching of the ground state to L=0, 41 as is the case for the well-studied antiferromagnetic magnon example of FeF2. 66, 67 For materials that do not satisfy the L=0 ground state condition, such as FePS3, 68 It should be noted that if , , , and are purely real numbers, the intensity profile as a function of θ would necessarily have two nodes, i.e. two angles where the intensity goes to zero, which is contrary to the polar plot we observed in Figure 4b . These nodes, however, disappear from the ′ symmetry response when the tensor elements are complex, which is the general case for absorbing materials: were unable to find a reference that tabulated these for the magnetic space groups. Deriving such transformations is out beyond the scope of this work.
III. CONCLUSIONS
In conclusion, we examined the temperature-and magnetic field-dependent Raman spectra of bulk FePS3, where new Raman-active modes appear in the antiferromagnetically ordered state.
One of these modes ( ψ 4), with a frequency of ≈122 cm -1 (15.1 meV), was previously assigned as a phonon mode appearing due to zone folding. However, the strong temperature shift (compared to other phonon modes) and splitting (and linear shifting) of the mode with applied magnetic field observed herein allows this mode to be unequivocally assigned as a magnon. We also investigated the magnon symmetry behavior, which is not purely antisymmetric, and explained its behavior using the magnetic point group of FePS3 (2´/m). This work will aid in future studies of magnetic excitations in similar magnetic layered materials, such as α-RuCl3 and CrI3, and demonstrates temperature-and magnetic field-dependent Raman spectroscopy as a technique to probe magnon phenomena in 2D materials, including for possible magnon transport applications. The quasi-2D magnetic nature of bulk FePS3, with weak interlayer exchange coupling, indicates that the magnon in bulk FePS3 is also quasi-2D. To the best of our knowledge, this is the first verification of a quasi-2D magnon in a layered material using magneto-Raman spectroscopy.
IV. EXPERIMENTAL DETAILS
Bulk FePS3 crystals were purchased from 2D Semiconductors † and then exfoliated via the adhesive tape onto 300 nm SiO2 thermally grown on Si(100). 49 Raman spectra were measured with the 514.5308 nm excitation wavelength of an Argon ion laser in the 180° backscattering configuration using a triple grating Raman spectrometer (Horiba JY T64000 † , 1800 mm -1 grating)
coupled to a liquid nitrogen cooled CCD detector. Polarization was selected and controlled using ultra broadband polarizers and achromatic half wave plates. To perform temperature-and magnetic-field dependent Raman, the sample was placed into an attoDRY1000 cryostat (Attocube Inc. † ), where the sample holder is pumped to ≈1x10 -3 Pa (≈7x10 -6 Torr), backfilled with helium gas, and cooled. Micrometer-sized flakes were studied by focusing the laser with a white light camera onto the sample with a low-temperature, magnetic field compatible objective (50×, N.A. 
